
RESEARCH ARTICLE
10.1002/2016JC011920

Seaglider surveys at Ocean Station Papa: Circulation and water
mass properties in a meander of the North Pacific Current
Noel A. Pelland1,2, Charles C. Eriksen1, and Meghan F. Cronin3

1School of Oceanography, University of Washington, Seattle, Washington, USA, 2Now at NOAA Alaska Fisheries Science
Center, and University of Washington Joint Institute for the Study of the Atmosphere and Ocean, Seattle, Washington,
USA, 3NOAA Pacific Marine Environmental Laboratory, Seattle, Washington, USA

Abstract A Seaglider autonomous underwater vehicle augmented the Ocean Station Papa (OSP; 508N,
1458W) surface mooring, measuring spatial structure on scales relevant to the monthly evolution of the
moored time series. During each of three missions from June 2008 to January 2010, a Seaglider made
biweekly 50 km 3 50 km surveys in a bowtie-shaped survey track. Horizontal temperature and salinity
gradients measured by these surveys were an order of magnitude stronger than climatological values and
sometimes of opposite sign. Geostrophically inferred circulation was corroborated by moored acoustic
Doppler current profiler measurements and AVISO satellite altimetry estimates of surface currents,
confirming that glider surveys accurately resolved monthly scale mesoscale spatial structure. In contrast to
climatological North Pacific Current circulation, upper-ocean flow was modestly northward during the first
half of the 18 month survey period, and weakly westward during its latter half, with Rossby number
Oð0:01Þ. This change in circulation coincided with a shift from cool and fresh to warm, saline, oxygen-rich
water in the upper-ocean halocline, and an increase in vertical fine structure there and in the lower
pycnocline. The anomalous flow and abrupt water mass transition were due to the slow growth of an
anticyclonic meander within the North Pacific Current with radius comparable to the scale of the survey
pattern, originating to the southeast of OSP.

1. Introduction

The southern Gulf of Alaska (GOA) in the northeast Pacific Ocean is the site of one of the longest and
highest-quality records of open ocean measurements in the world, the Ocean Station Papa (OSP) time series
(508N, 1458W) [Freeland, 2007]. Ocean Station Papa lies at the southern edge of the cyclonic GOA (northeast
Pacific subpolar) gyre (Figure 1), which is bounded to the east by the North American coast, to the north
and west by the coast of Alaska, and to the south by the broad, eastward-flowing Subarctic Current/North
Pacific Current (NPC) that forms the boundary between the GOA and the adjacent anticyclonic northeast
Pacific subtropical gyre [Tabata, 1965; Freeland and Cummins, 2005; Cummins and Freeland, 2007; Whitney
et al., 2007]. Currents are weak near OSP in the low-energy GOA, though mesoscale eddies and meanders
are nevertheless ubiquitous, and the ratio of eddy kinetic energy to mean kinetic energy in the eastern GOA
is comparable to other regions in the North Pacific Ocean [Thomson et al., 1990; Paduan and Niiler, 1993].
Eddies formed from instabilities or flow-topography interaction along the North American continental mar-
gin transport coastal water and associated nutrient, heat, and freshwater signatures seaward away from the
eastern gyre boundary [e.g., Crawford et al., 2005; Pelland et al., 2013; Lyman and Johnson, 2015], but likely
do not account for all of the eddying motions in the gyre interior [Thomson et al., 1990; Chelton et al., 2011].

The weak circulation at OSP, combined with the extensive duration and quality of its oceanographic record,
has made it an attractive natural laboratory for the study of boundary layer dynamics, transfer of kinetic
energy between atmosphere and ocean in midlatitudes, surface gas exchange, and the biological carbon
pump [e.g., Davis et al., 1981a,1981b; Large et al., 1986; Paduan and deSzoeke, 1986; Emerson, 1987; Thomas
et al., 1990; Large and Crawford, 1995; D’Asaro et al., 1995; Wong et al., 2002; Steiner et al., 2007; Emerson and
Stump, 2010; Vagle et al., 2010; Dohan and Davis, 2011; Alford et al., 2012]. In addition, the many years of
shipboard measurements have also characterized the annual cycle at OSP well [Tabata, 1965; Large, 1996;
Whitney and Freeland, 1999], which has made it an important location for development and testing of one-
dimensional numerical models, and their ability to replicate the seasonal cycle of upper-ocean structure
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based on atmospheric inputs of heat, freshwater, and momentum [Denman and Miyake, 1973; Davis et al.,
1981b; Martin, 1985; Gaspar, 1988; Archer et al., 1993; Large et al., 1994; Large, 1996; McClain et al., 1996;
Jackson et al., 2009; Thomson and Fine, 2009].

As with other ocean time series sites, OSP has also been a test bed and proving ground for new technolo-
gies and observing strategies. Continuing this progression, beginning in June 2007, OSP has been the site
of a well-instrumented NOAA surface mooring [Emerson and Stump, 2010; Hamme et al., 2010; Emerson
et al., 2011; Cronin et al., 2012, 2015; Fassbender et al., 2016]. Two upward-looking ADCP moorings were
also deployed in 2008 and 2009 [Alford et al., 2012] and a surface Waverider buoy starting in June 2010
[Thomson et al., 2013]. From June 2008 to January 2010, the mooring array was augmented by three succes-
sive Seaglider autonomous underwater vehicle missions, where each vehicle repeatedly followed a bowtie-
shaped survey track inscribed within a 50 km 3 50 km square region. The results of these surveys are the
focus of this present study.

Seaglider surveys represent an observational milestone for OSP, in that individual vehicles provided contin-
uous estimates of the horizontal gradients of temperature, salinity, and dissolved oxygen in the top 1000 m
in the region surrounding the mooring, along with well-resolved vertical profiles of these quantities over the
course of 18 successive months. Measurement of horizontal gradients allows the estimation of vertical

Figure 1. Sea surface mean dynamic topography (cm of sea surface height) used by AVISO in the Absolute Dynamic Topography all-
satellite gridded product. Contour interval is 2 cm. Red crosses indicate hydrographic stations that compose Line P. For clarity, only every
second station is labeled. Red circle at 508N, 1458W highlights station P26, also known as Ocean Station Papa (OSP). The center of the Gulf
of Alaska gyre is visible as a relative low in sea surface height to the northwest of OSP. The North Pacific Current is evident as a wide swath
of east-northeastward flow that approaches the North American coastal regions at latitudes 358N–508N. OSP lies near the northern edge
of this current.
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geostrophic shear and horizontal advection, thus potentially improving the ability to resolve the balances
of physical and biogeochemical tracers at OSP. Previously, mesoscale upper-ocean horizontal gradients of
temperature and salinity had been collected near OSP either from individual shipboard surveys, drifting buoy,
and moored deployments with maximum duration of a few months [Large et al., 1986; Paduan and Niiler,
1993; Matear, 1993; Torruella, 1995] or from the Argo array, which persistently samples large-scale circulation
features but is spatially too coarse to describe mesoscale eddies [Ren and Riser, 2009]. The Seaglider time
series described here builds upon these previous observational efforts and also serves as an important precur-
sor to ongoing mooring-glider time series deployed at OSP beginning in 2013 as part of the National Science
Foundation-supported Ocean Observatories Initiative (OOI; http://www.whoi.edu/ooi_cgsn/station-papa).

The principal objectives of Seaglider deployments at OSP were twofold: (1) to resolve horizontal gradients
through the top kilometer of the oceanic water column to estimate absolute geostrophic current and hori-
zontal tracer advection, and (2) to estimate vertical advection and diffusion in order to describe the evolu-
tion of heat, freshwater, and dissolved oxygen. Here the horizontal gradients, estimates of absolute
geostrophic current, and associated water mass properties are described, while application of these to the
remaining objectives appears in forthcoming contributions and in Pelland [2015].

Following this introduction, section 2 describes the data sources and methods used in the study. Section 3
provides a brief review of upper-ocean structure at OSP and describes the estimated geostrophic circulation
and water mass properties. Section 4 discusses these results and evaluates possible origins of the phenome-
na observed at OSP in 2008–2010, and conclusions follow in section 5.

2. Data and Methods

2.1. Moored Array
The NOAA Ocean Climate Stations (OCS) installation at OSP consists of a single taut-line mooring with sen-
sors designed to sample atmospheric properties, mixed layer properties, and temperature T and salinity S
profiles in the top 300 m. Beginning in summer 2007, the mooring has been deployed and recovered in
June of each year from the CCGS John P. Tully in cooperation with the Canadian Coast Guard and the
Department of Fisheries and Oceans Canada (DFO) Institute of Ocean Sciences (IOS) during their sampling
of Line P, a set of oceanographic stations established between the Strait of Juan de Fuca entrance and OSP
[Freeland, 2007, Figure 1]. The mooring location alternates each year between two sites near OSP. In deploy-
ments beginning in odd-numbered years, the target mooring site is 508080N, 1448500W, while in even years
it is to the southwest at 508030N, 1448530W (Figure 2a). The taut line results in a watch circle radius of
1.25 km and maximum displacement from the nominal position of 8 km over the course of the time series
to date. During the overlap period with Seaglider surveys, the mooring surface buoy broke free on 11
November 2008. High-resolution postprocessed surface data and telemetered daily average subsurface
data are available from the start of Seaglider time series on 8 June 2008 until mooring break. No mooring
data are available from 11 November 2008 until deployment of the successor mooring on 14 June 2009
(Figure 2c). All available moored data were obtained from the NOAA OCS group (http://www.pmel.noaa.
gov/ocs/).

The buoy atmospheric measurements include wind speed and direction, air temperature, relative humidity,
barometric pressure, and short-wave and long-wave radiation and rain rate. The buoy also samples sea-
surface temperature and salinity at 1.2 m depth. Atmospheric measurements and estimates of surface fluxes
are described in further detail in Cronin et al. [2015]. Subsurface measurements along the OSP mooring line
include observations of T, S, and vector current meter measurements of eastward u and northward v veloci-
ty components at multiple depths. In 2009, during overlap with the Seaglider time series, T was measured
at 16 depths from the surface to 300 m (1.2, 5, 10, 20, 25, 30, 36, 45, 60, 80, 100, 120, 150, 175, 200, and
300 m), and S was measured at 13 depths from the surface to 200 m (1.2, 10, 20, 25, 30, 36, 45, 60, 80, 100,
120, 150, and 200 m). T and S were sampled using sensors from Sea-Bird Electronics (SBE), including the
SBE-39 (T accuracy 60.0028C), SBE-37 MicroCAT (T60:003�C, S60:02), and SBE-51 (T60:005�C, S60:02), or
in two instances (150 and 200 m depth in 2009), PMEL ATLAS modules. The ATLAS module has a T accuracy
of 60.028C and S accuracy 60.02 (http://www.pmel.noaa.gov/ocs/sensors). In the mooring deployment
beginning 2009, an RD Instruments (RDI) Doppler Volume Sampler current meter, with accuracy bounds of
1.0% 6 0.5 cm s21, sampled horizontal velocity at 35 m depth.
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This study also employs data from a subsurface ADCP mooring deployed near OSP during June 2008 to June
2010 [Alford et al., 2012], locations of which are indicated in Figure 2a. During both years, an RDI 75 kHZ Long-
Ranger upward-looking unit was mounted at 800 m, giving ensemble velocity profiles in 16 m vertical bins
every 30 min. A second upward-looking, higher-frequency unit was mounted at 130 m from June 2008
(300 kHz RDI Sentinel) and 200 m (150 kHz RDI Quartermaster) from June 2009 onward. These units estimated
ensemble profiles in 4 m vertical bins also every 30 min. The top 10% of the upper unit profile was discarded
due to sidelobe contamination. Weak acoustic scattering levels led to large gaps in the upper instrument
record during the second year, extending up to 100 m depth from the surface [Alford et al., 2012].

2.2. Seaglider Surveys and Processing
Two Seagliders [Eriksen et al., 2001] were deployed individually at OSP in three consecutive missions. Sea-
glider (SG) 144 was deployed from 8 June to 30 August 2008 (data available at http://accession.nodc.noaa.
gov/0155762), SG120 from 30 August 2008 to 14 June 2009 (http://accession.nodc.noaa.gov/0155598), and
SG144 again from 14 June 2009 to 18 January 2010 (http://accession.nodc.noaa.gov/0155879). SG120
ceased sampling due to a low battery state on 4 June 2009, hence there was a 10 day gap in sampling prior
to the deployment of SG144 by the CCGS Tully on 14 June. On 18 January 2010, SG144 departed OSP and

Figure 2. Seaglider surveys at Ocean Station Papa (OSP), overview. (a) Survey pattern; gray curve indicates Seaglider track, gray dots give descent-ascent cycle center points. Arrows indi-
cate direction of survey. Green dots are NOAA surface mooring locations in 2008/2009 deployment years. Blue dot indicates subsurface ADCP mooring location in 2009 deployment
year; this mooring was located at OSP in 2008. (b) The eastward distance of gliders relative to the center of the survey pattern, as a function of time since the initiation near survey target
NW of each repeat cycle of the survey. (c) Daily average 10 m wind speed from the OSP mooring (blue curve) or NCEP/NCAR Reanalysis 1 (R1) product (red dashed curve). The mooring
was absent from OSP 11 November 2008 to 14 June 2009. (d) Survey repeats (alternating gray/black) versus time; vertical lines indicate the times at which the glider achieved the north-
west (NW) target location.
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proceeded inshore along Line P until 2 April, after which it was recovered near station P6 (Figure 1) approxi-
mately 160 km from the inshore terminus of Line P.

The Seagliders profiled from the surface to 1000 m and back in a series of dive-climb cycles, using a buoyancy
engine to travel with cycle-average horizontal speeds of 21.3 6 3.2 cm s21 (mean 6 standard deviation across
all cycles) through the water along a typical 3:1 horizontal:vertical glide slope. Seagliders at OSP proceeded
through a series of five targets arranged in a ‘‘bowtie’’ pattern inscribed in a 50 km 3 50 km box centered on
the 2009 mooring site (Figure 2a), similar to that of surveys previously conducted at the Station A Long-Term
Oligotrophic Habitat Assessment portion of the Hawaii Ocean Time Series [Nicholson et al., 2008; Emerson
et al., 2008]. Vehicles proceeded through the targets in the order NW-SW-NE-SE-NW and repeated this pattern
on average once every 14.5 days, resulting in 38 complete and two partial circuits during the survey time
series (Figures 2a, 2b, and 2d). Seagliders executed 36–59 dive-climb cycles during each survey circuit (median
43). A total of 1693 cycles were performed (3386 profiles collected) between 8 June 2008 and SG144’s depar-
ture on 18 January 2010. An additional 219 cycles were performed by SG144 during its transit along Line P.

Each vehicle was equipped with a thermistor and conductivity cell, identical to those used on SBE-3 and
SBE-4 instruments, mounted within a cylindrical duct atop a dorsal sting. Custom SBE circuits designed to
stabilize rapidly after power application were used to produce frequency outputs for temperature and con-
ductivity, as with SBE-3 and SBE-4 instruments. These sensor packages were calibrated by SBE before and
after each OSP deployment. In these and most Seaglider configurations, flow through the conductivity cell
and past the thermistor is not pumped and instead induced by flow past the vehicle as it glides. For salinity
calculations, in which the thermal contribution to conductivity must be estimated, corrections were applied
for position differences between the thermistor and conductivity cell and thermal inertia of the conductivity
cell as summarized in Pelland et al. [2013]. Briefly, these corrections require an estimate of the flow speed
through the conductivity cell, which depends on vehicle speed. Estimates of vehicle speed, made using the
steady flight equations of Eriksen et al. [2001], depend on vehicle buoyancy, which is itself a function of
water density and salinity. An iterative procedure is used to apply these salinity corrections on each dive-
climb cycle. From an initial guess of vehicle velocity, salinity corrections at each sample are first determined
using the solutions of C. C. Eriksen (unpublished manuscript, 2016) for Seaglider conductivity cell thermal
response under flushing by the vehicle flow. The initial salinity corrections yield a corrected buoyancy at
each sample, which in turn yields updated estimates of vehicle speed, and thereby a second set of salinity
corrections. This process was repeated through several loops until convergence. Remaining spikes or obvi-
ous visual errors due to vehicle stalls or temporary fouling of the conductivity cell were removed.

Following these corrections, systematic S errors were evident in the stratified layer immediately deeper
than the surface mixed layer (defined below), where the sensor sample rate was insufficient to resolve the
conductivity cell thermal response within strong thermal stratification. The errors were evident as excur-
sions in T-S that did not match profiles from the CCGS Tully. These were corrected by exploiting the nearly
linear T-S relation that extends through the thermal stratification that is present at the base of the mixed
layer [Tabata, 1965; D’Asaro, 1985; Paduan and deSzoeke, 1986]. For profiles June 2008 to January 2009 and
June 2009 to January 2010, S was interpolated as a function of T between shallow and deep ‘‘anchor’’ points,
respectively, located in the mixed layer and in stratified water deeper than the mixed layer. These points
were chosen to be in regions of weak thermal stratification and hence reliable S samples (see the support-
ing information [SI]). This procedure was applied to 2638 of 3386 Seaglider profiles at OSP; the mean depth
extent in which S was interpolated in these profiles was 37.8 m (average upper boundary depth of 34.5 m,
lower boundary 72.3 m). Further details of this procedure are included in the SI.

Where necessary, offsets were applied to measurements of conductivity in order to give better agreement
between deep T-S measurements from Seagliders and those collected from Conductivity-Temperature-
Depth (CTD) casts performed by the CCGS Tully [Pelland, 2015]. Following these adjustments, the mean off-
set in deep salinity between CCGS Tully and Seaglider measurements was, respectively, 20.0010, 0.0007,
and 20.0029 for the first, second, and third deployments. Following the above corrections, Seaglider S sam-
ples are considered to have accuracy 60.03 and T samples 60.0038C. Where interpolation as a function of T
was performed, S accuracy is estimated to have absolute bounds 60.08 and 95% bounds of 60.03 (SI).

Each vehicle was also equipped with a Western Environmental Technologies (WET) Laboratories ECO-BB2F
‘‘puck’’-style sensor, sampling optical backscatter on two wavelengths and fluorescence on a single
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wavelength, and two dissolved oxygen sensors, an SBE-43 Clark-type sensor and an Aanderaa Instruments
3830 oxygen optode. Only the optode samples are discussed here. These were adjusted to match Winkler
titration measurements collected from the CCGS Tully and R/V Thomas G. Thompson [Pelland, 2015]. Optode
samples are presented on isopycnals within the halocline at OSP (defined below). In this layer of steep verti-
cal oxygen gradients, the slow instrument response time results in a 10–15 lmol kg21 positive (negative)
bias in measurements of dissolved oxygen per unit mass [O2] on descent (ascent) profiles. Measurements
were cycle-averaged, then daily-averaged to reduce these errors. The resulting daily-average samples are
considered accurate to within 63 lmol kg21.

With the exception of September 2008, Seaglider sample intervals for all instruments were 10 s while profil-
ing from the surface to 80 m, 20 s from 80 to 150 m, 30 s from 150 to 300 m, and 60 s when profiling
between 300 and 1000 m. Resultant mean vertical spacing between samples in each zone was, respectively,
0.93 m (0–80 m depth), 1.49 m (80–150 m), 2.30 m (150–300 m), and 4.17 m (300–1000 m). All scalar varia-
bles including T, S, [O2], in situ density q, potential temperature referenced to the sea surface h, and poten-
tial density qh were bin-averaged in depth intervals of 2 m from the surface to 150 m, 5 m from 150 to
300 m, and 20 m at greater depths.

Samples of seawater density corrected for conductivity cell position and thermal inertia give an estimate of
vehicle buoyancy and velocity through water at each sample point as described above. The difference
between observed final displacement (climb end minus dive start location) and integrated displacement
through water gives an estimate of time-averaged current experienced by the vehicle. This is equated to 0–
1000 m depth-averaged current (DAC) since the vehicle vertical velocity is approximately constant through-
out each cycle. Independent of errors induced by onboard compass calibration, DAC samples are consid-
ered accurate to within �1 cm s21 on each cycle [Eriksen et al., 2001].
2.2.1. Estimates of Horizontal Gradients
In contrast to the OSP moored time series, the record of a scalar quantity sampled by Seagliders at a given
depth reflects variability in both time and space. Least squares multivariable regression was used to esti-
mate the contribution of spatial structure to the observed variability of scalar quantities along depth surfa-
ces, in the process providing an estimate of the horizontal gradient of these quantities. An example of this
procedure is described here for Seaglider samples of h at 120 m depth in July 2008.

When plotted as a function of time, hðz52120 mÞ exhibits approximately fortnightly oscillations of amplitude
�0.58C in this month (Figure 3a). These oscillations are of a similar character to the time record of the glider east-
ward position relative to the survey pattern center, x (Figure 3b). Plotting hðz52120 mÞ in plan view during
July 2008 reveals persistent spatial structure in which h is elevated on the eastern side of the survey pattern
(Figure 3c).

To quantify the horizontal gradient of h, the 223 samples of hðz52120 mÞ in July 2008 were fit with a multi-
variable regression model that includes terms that are functions of x, y, and t:

hk5A1Bxk1Cyk1Dt
0

k1Et
02
k 1�k5X~a1~�5~h; (1)

where for sample k during the month (k51; 2; � � � ; 223), hk is the observed potential temperature, xk and yk

are, respectively, eastward and northward distances from the center of the survey pattern, t
0

k is the time
since midmonth (day 15), and �k is the residual from the best fit. X is a 223-by-5 matrix of predictors, such
that row k of X is ½1 xk yk t

0

k t
02
k �, while~a5½ABCDE�T is a vector of regression coefficients to be estimated, and

superscript T indicates a matrix transpose.~� is the 223-by-1 vector of residuals from the least squares fit,
and~h5½h1 h2 � � � h223�T is a 223-by-1 vector of samples of h in this depth bin and month. The linear-space,
quadratic-time form of (1) was chosen as the best compromise between data fitting and model complexity
[Pelland, 2015]. Small-scale noise visible in Figures 3a and 3c, which is due in part to vertical displacement
of isotherms by internal waves at time scales comparable to those of a glider cycle, prevents estimation of
higher-order x and y terms.

The best fit coefficients are those that minimize the sum of square residuals; i.e.,

~a5ðXTXÞ21ðXT~hÞ; (2)

where superscript 21 indicates a matrix inverse. The best fit line from this regression X~a is the dashed red
line in Figure 3a. The best fit coefficient vector elements B and C, respectively, provide an estimate of the
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eastward (@h=@x) and northward (@h=@y) components of the horizontal gradient vector of h at this depth
(rh5ð@h=@xÞ̂i1ð@h=@yÞ^̊, where î and ^̊ are, respectively, unit vectors in the x and y directions). The esti-
mate of this vector using the best fit coefficients is plotted in Figure 3c with its origin at the center of the

Figure 3. Example estimation of spatial gradient of potential temperature at 120 m depth hðz52120 mÞ during July 2008. In Figure 3a,
black curve is Seaglider-observed h versus time t, and red dashed curve is the best fit multivariable regression line ĥ of the form (1). (b)
Eastward x (black) and northward y (gray) coordinates of h samples relative to the survey pattern center versus t. (c) Observed h versus x
and y, along with the estimated horizontal gradient (using coefficients from best fit line in Figure 3a), which is plotted as a black vector
with its origin at the center of the survey pattern (scale: 10 km 5 0.58C per 50 km).
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track pattern. Its orientation indicates that the estimated horizontal gradient of h at 120 m depth is almost
entirely to the east, in agreement with the warmer temperatures on the eastern side of the survey
pattern.

The least squares regression technique described above was used to construct estimates of the horizontal gra-
dients of all scalar variables in each depth bin and calendar month. The procedure was slightly modified in
the upper 100 m after June 2009 which will be described below. In all cases, estimates of horizontal gradients
were constructed using regression fits to data selected in independent, monthly intervals; the first of these
extends from 8 to 30 June 2008, the last from 1 to 21 January 2010, and all intervals between these two
extend from the first to the last day of each month. The monthly interval duration corresponds to approxi-
mately the amount of time required for a Seaglider to perform two complete circuits of the bowtie survey
track. This duration was chosen empirically as a compromise between a time scale long enough to allow sur-
veys to fully resolve spatial structure, and short enough to avoid unnecessarily smearing over changes associ-
ated with mesoscale flow at OSP. Visually, spatial structure is clearly evident when inspecting samples along
depth surfaces plotted in plan view in monthly intervals (e.g., Figure 3c). A monthly interval also corresponds
to the Nyquist period associated with the time to complete each circuit, the minimum period resolved by
half-monthly sampling [Koopmans, 1974]. Considering the above factors, 1 month was subjectively taken to
be the shortest time scale on which horizontal gradients can be reliably resolved by the spatial survey.

In the near-surface layers, changes in temperature or salinity due to atmospheric forcing can occur across
the survey pattern at time scales that are short relative to the time required for a glider to complete one sur-
vey. This results in time variability that is not necessarily described well by a second-order polynomial, as
used in (1). An example of such a process is an ‘‘episodic cooling’’ event in which the mixed layer cools rap-
idly over a large area during 1–2 days (described at OSP by Large et al. [1986], Large and Crawford [1995],
and Dohan and Davis [2011]). An example of rapid cooling in the mixed layer can be seen in observations of
h at z 5 210 m in August 2009 (Figure 4). Figure 4a shows that SG144 sampled two abrupt decreases in
temperature at z 5 210 m in late August. When plotted in plan view, some spatial structure is evident
(warmer temperatures to the southwest), but this is occluded by the rapid temperature change (Figure 4d).

The moored temperature sensor at z 5 210 m, near the center of the Seaglider survey pattern (Figure 2a),
also recorded two abrupt temperature decreases in late August 2009, though the timing differs from the
Seaglider record, implying residual spatial differences. If it is assumed that the spatial and temporal variabili-
ty are separable within the survey region—i.e., that temporal changes occur uniformly across the survey
pattern, and that passing atmospheric variability leaves any horizontal structure unaltered—subtracting the
moored record from the glider record would serve to isolate the spatial structure sampled by the Seagliders.
Figure 4c shows the quantity ha5h2hmoor, where hmoor is the moored temperature record that has been
low-pass filtered to remove superinertial variance and interpolated to glider sample times. Persistent spatial
structure is much more clearly evident in ha than h, in support of the assumption of space/time separability
in this month (Figure 4e). The horizontal gradient can then be estimated by performing a regression fit to
ha, rather than h, where the regression equation is of a similar form to (1) but omits all t

0

k terms (see best fit
line in Figure 4c and gradient in Figure 4e). Application of this procedure to the estimation of surface tem-
perature gradients after June 2009, when the NOAA OCS mooring was present, improved agreement
between Seaglider-estimated gradients and those from gridded, satellite-based products (details provided
in the SI), providing further support to the validity of the assumption of space/time separability. As a result,
in an effort to reduce the effects of smearing in the boundary layer on the fortnightly Seaglider surveys, the
above procedure—performing regression fits to glider data from which the moored time record has been
subtracted—was used to estimate horizontal gradients of all scalar variables with the exception of [O2] in
the upper 100 m for temporal intervals after June 2009.

The monthly intervals in which horizontal gradients and geostrophic velocity profiles (described below) are
estimated averages over high-frequency and small-scale noise, due partially to internal waves, tides, and
inertial oscillations. This noise contributes to residuals between the observations and the best fit line (e.g.,
Figures 3a and 4c). Confidence bounds on the horizontal gradient components (parameters B and C as
described above) were calculated by assessing the sensitivity of the best fit coefficients to a random sam-
pling of this noise. This is a variation on the procedure of bootstrap sampling of the regression residuals, one
well-known method for assessing uncertainty on regression coefficients [Wu, 1986]. In each depth bin, after
the best fit line was estimated, random noise was added to the fit at each sample, with variance and temporal
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autocorrelation of the noise prescribed to be similar to that of the residuals between observations and the
original fit. Following the addition of noise, a second fit was performed to the noise-perturbed data from that
iteration. This was repeated for 100 iterations, and 95% confidence bounds of B and C were estimated as two
standard deviations of the noise-perturbed values of these coefficients over the 100 iterations.
2.2.2. Geostrophic Circulation
Estimated horizontal gradients of in situ density q estimated by the above procedure were used to compute
vertical shear of eastward ug and northward vg components of geostrophic velocity in each monthly interval
using the thermal wind equations:

@ug

@z
5

g
qf
@q
@y
;
@vg

@z
52

g
qf
@q
@x
; (3)

where g is the gravitational acceleration, and f 51:117231024 s21 is the Coriolis parameter at 508N. Vertical
integration of these yields monthly profiles of geostrophic velocity relative to 1000 m. For each component,
absolute monthly geostrophic velocity was estimated by adding a constant to these profiles, whose value
was equal to the difference between a monthly average of DAC estimated during each Seaglider cycle and
the 0–1000 m average of the monthly relative velocity. The assumption that the monthly average DAC sig-
nal is purely geostrophic introduces error Oð0:1Þ cm s21 for typical values of monthly average Ekman trans-
port at OSP [Pelland, 2015].

2.3. Additional Data Sets
This study uses several additional data sets in order to compare the results obtained from Seaglider surveys
at OSP to climatological conditions, regional oceanography, or remote sensing. Climatological temperature,
salinity, and oxygen concentrations were obtained from the World Ocean Atlas (WOA) 2013 climatology
[Boyer et al., 2013] (http://www.nodc.noaa.gov/OC5/woa13/). Estimates of sea surface height and

Figure 4. Example estimation of spatial gradient of potential temperature at 10 m depth hðz5210 m) in August 2009. (a) h versus time t observed from Seaglider (blue curve), NOAA
mooring (hmoor, black curve, filtered to remove inertial oscillations), and regression fit to Seaglider observations of form (1) (ĥ , red dashed curve). (b) Seaglider sample eastward x (black)
and northward y (gray) position versus t. (c) ha5h2hmoor versus t (blue) and regression fit using spatial terms only (red dashed curve). (d and e) h and ha, respectively, in plan view with
estimated horizontal gradient vectors plotted as in Figure 3c (scale: 10 km 5 0.58C per 50 km). Note different color scale range in Figure 4e versus Figure 4d.
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geostrophic circulation were obtained from the AVISO All-Satellite Absolute Dynamic Topography (ADT)
product (http://aviso.altimetry.fr/index.php?id51271). This product gives a daily estimate of sea-surface
height on a 1/48 spatial grid. The effective spatial resolution of this data set is reduced in comparison to the
grid resolution due to smoothing inherent in the mapping algorithm [Chelton et al., 2011]. The ADT data set
is computed as the sum of mapped satellite sea level anomaly and a mean dynamic topography as
described in SSALTO/DUACS [2015] and Rio et al. [2013]. The All-Satellite version of this data set uses all
available instruments in the altimetry satellite constellation at any one time to optimize horizontal resolu-
tion, with the trade-off that error statistics within the data set may not be uniform over the time period con-
sidered [Chelton et al., 2011].

Data from the Argo autonomous float array (http://www.argo.ucsd.edu) interpolated to isopycnals were
obtained from the Asia-Pacific Data-Research Center (APDRC; http://apdrc.soest.hawaii.edu/projects/argo/,
accessed 21 May 2015), based on Argo profile data available at http://doi.org/10.17882/42182. Most Argo
floats collect CTD profiles from 2000 dbar to the surface every 10 days, drifting at a typical parking depth of
1000 dbar between profiles; the target float density would be sufficient to give a nearest-neighbor separa-
tion of approximately 350 km [Freeland, 2013]. A total of 30,837 profiles were used from the APDRC product
within 438N–658N, 1808W–1208W from 27 April 2001 and 7 May 2015.

Profile CTD data collected during 23 Line P occupations by the CCGS Tully from late summer 2007 (Cruise
2007-15) through winter 2015 (Cruise 2015-01) were obtained from the DFO Line P website (https://www.
waterproperties.ca/linep/); these cruises overlap with the NOAA OCS moored time series. The Tully performs
three cruises per year (winter, early summer, and late summer), during which at each station along Line P
shown in Figure 1, a cast to at least 2000 dbar, or the bottom depth when shallower, is performed when
weather allows using a SBE 9111 CTD (https://www.waterproperties.ca/linep/sampling.php). Other variables
sampled on these casts, along with additional data collected at select Line P stations, are not discussed
here. The data from these cruises are also compared to climatological properties on Line P as provided by
Marie Robert (IOS-DFO). Climatologies were computed from data collected from Line P sampling 1956–
1991 and are available for each calendar month (http://www.pac.dfo-mpo.gc.ca/science/oceans/data-don-
nees/line-p/data-eng.html).

Wind stress curl estimates were derived from the NCEP/NCAR Reanalysis 1 (R1) product [Kalnay et al., 1996],
provided by the NOAA Office of Oceanic and Atmospheric Research Earth System Research Laboratory
Physical Sciences Division (http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html). The R1
product provides estimates of surface atmospheric variables, based on data assimilation of observations
into a forecast model, at 6-hourly resolution on an approximately 2�32� global grid.

3. Results

3.1. Upper-Ocean Structure
Seaglider surveys provide a persistent, high-resolution picture of the upper-ocean vertical structure at OSP.
Figure 5a and Figure 6a, respectively, show daily-average Seaglider samples of h and S as a function of z
and t. The upper ocean at OSP is commonly delineated into a series of layers that are distinguished by their
thermal and haline stratification as illustrated in these figures. The upper most of these layers is the surface
mixed layer (ML), the maximum depth of which (MLD) is here defined as the depth at which daily-average
potential density increases by an increment of 0.03 kg m23 from its value at 10 m [Cronin et al., 2015]. The
ML at OSP has a strong annual cycle that reflects the variability in surface wind and net surface heat flux
buoyancy forcing, with the deepest MLDs observed during February–March and shallowest during July–
August [Li et al., 2005]. During Seaglider surveys, the ML thickness varied from a minimum of 11 m on 17
July 2009 to a maximum of 128 m on 26 March 2009 (Figures 5a and 6a).

During the winter months (January–March), the ML extends vertically to nearly the top of the halocline, a
layer of strong salinity stratification that is present throughout the subarctic North Pacific Ocean (Figure 6a)
[Dodimead et al., 1963; Favorite et al., 1976]. The halocline is defined here as the layer between the rhð� qh

21000Þ526 kg m23 and rh526:8 kg m23 isopycnals, consistent with Tabata [1965]. The upper boundary
had a minimum (maximum) depth of 93 m (138 m) on 6 August 2008 (26 March 2009), with a mean depth
of 119 m. The lower boundary had a minimum (maximum) depth of 178 m (267 m) on 6 August 2008 (16
March 2009), and mean depth of 237 m. Within the halocline, temperature is nearly isothermal (Figure 5a).

Journal of Geophysical Research: Oceans 10.1002/2016JC011920

PELLAND ET AL. SEAGLIDERS AT STATION PAPA 6825

http://aviso.altimetry.fr/index.php?id=
http://www.argo.ucsd.edu
http://apdrc.soest.hawaii.edu/projects/argo/
http://doi.org/10.17882/42182
https://www.waterproperties.ca/linep/
https://www.waterproperties.ca/linep/
http://https://www.waterproperties.ca/linep/sampling.php
http://www.pac.dfo-mpo.gc.ca/science/oceans/data-donnees/line-p/data-eng.html
http://www.pac.dfo-mpo.gc.ca/science/oceans/data-donnees/line-p/data-eng.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html


The strong density stratification in the halocline prevents its erosion due to turbulent entrainment forced
by strong winter winds and surface buoyancy loss. Deeper than the halocline lies a layer of permanent ther-
mal and haline stratification referred to here as the lower pycnocline [Dodimead et al., 1963; Tabata, 1965].
This layer extends below the 1000 m depth range of Seaglider profiles.

In spring, downward surface buoyancy flux restratifies the water column and weakening surface winds allow
a shoaling of the MLD. The ML warms as it shoals, and turbulent diffusion redistributes this heat downward
from the ML—this results in a warm-season, thermally stratified layer known as the seasonal thermocline
[Dodimead et al., 1963; Tabata and Giovando, 1963]. Here the seasonal thermocline is defined to be the layer
deeper than the ML and shallower than the halocline, within the months April–November (Figure 5a).

When viewed as a time series, approximately fortnightly periodicity is apparent in the temperature record at
all depths greater than the MLD (Figure 5a). These periodic fluctuations are due to repetition of the survey

Figure 5. Daily average potential temperature h versus z and t sampled by Seagliders during Ocean Station Papa (OSP) surveys. In both plots, note change of scale of z deeper than
z 5 2200 m. In Figure 5a, background colors indicate h, while black lines are potential density contours (interval 0.2 kg m23). Labels in Figure 5a indicate upper ocean layers at OSP. Red
contours highlight potential density surfaces that form the upper and lower boundaries of the halocline, and the black-green dashed line indicates the mixed-layer depth (MLD). Vertical
gray lines indicate times at which a Seaglider achieved the northwest target of the navigational pattern, beginning a new survey (Figure 2). (b) h anomalies from the time-mean vertical
profile, normalized by the depth-dependent standard deviation rðhðzÞÞ. Here the mean vertical profile and standard deviation have been computed over the duration of the Seaglider
surveys.
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circuit across spatial structure, as indicated by vertical gray lines plotted each time the vehicle achieved the
NW target in Figure 5a. Similarly, periodic fluctuations in isopycnal depth are apparent, as well as an overall
increase in the depth of isopycnals located deeper than the ML during the time series, and a weakening of
stratification (vertical spreading of isopycnals) in the halocline (Figure 5a). Vertical displacement of the halo-
cline during Seaglider surveys and the OCS moored time series is explored in more detail in section 4.

The pattern-periodic fluctuations in h are easily seen when the temporal mean vertical temperature stratifi-
cation is removed and the remaining anomalies normalized by the standard deviation of potential tempera-
ture at each depth (denoted h

0 ðz; tÞ; Figure 5b). The mean stratification, and standard deviation of h, are in
this case computed over only the duration of the Seaglider surveys. At depths greater than 100 m, the verti-
cally coherent time striations in the h

0
record strongly suggest spatial variability across the survey track that

is resolved by the Seaglider surveys. Shallower than 100 m, the striations are less visually distinguishable
from the large seasonal anomalies generated by the heating, cooling, and deepening of the surface bound-
ary layer. These features of the h

0
record suggest that spatial changes dominate the variance in h at depths

>100 m, while temporal changes dominate the variance shallower than this depth. Low-frequency time

Figure 6. Daily average salinity S versus z and t sampled by Seagliders during Ocean Station Papa surveys, drawn as for h in Figure 5.
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variability is evident deeper than 100 m in the form of a net warming of these waters over the course of the
time series. In the halocline and lower pycnocline, peak temperatures were observed between January–May
2009, coincident with the greatest downward displacement of isopycnals in these layers.

The salinity time series exhibited weaker seasonality in the ML and seasonal thermocline relative to the
amplitude of vertical variations than temperature (Figure 6b). Within the ML, S was at a minimum in late
summer and early fall and a maximum when the ML was deepest in late winter. Vertically coherent periodic-
ity is also apparent in S

0 ðz; tÞ, defined similarly to h
0 ðz; tÞ as above, at depths >100 m (Figure 6b). Low-

frequency salinity variability on depth surfaces was in the opposite time sense as temperature variability,
consistent with downward displacement of isopycnals in the presence of a positive vertical temperature
gradient and negative vertical salinity gradient (Figures 5 and 6).

3.2. Water Mass Properties
A temperature-salinity-depth diagram constructed from all Seaglider profiles in the halocline demonstrates
that water mass properties within this zone varied throughout the survey time series (Figure 7). Two domi-
nant h-S modes were observed: a cool mode, with halocline temperatures between 48C and 4.58C, and a
warm mode with temperatures >5�C. These two water mass modes in the halocline are evident in a histo-
gram of h along the rh526:5 kg m23 isopycnal (Figure 8a), which lies within the halocline at a mean depth
during these surveys of 151 m. Sorting profiles into histograms in seasonal intervals indicates that the cool
mode was most often observed in the first seasonal interval (June–September 2008, Figure 8b) and the
warm mode was most often observed in the final interval (October 2009 to January 2010, Figure 8b), with
intermediate water masses observed within the interior of the time series. Some temperatures that
exceeded the mean within the warm mode were observed on rh526:5 kg m23 in early 2009 (Figure 8b).

Variability in h along isopycnals in the halocline was investigated for any associated variability in [O2]. On rh

526:5 kg m23, [O2] was 15–20 lmol kg21 higher in the warm mode than cool mode (Figure 9c), with a corre-
lation coefficient r between the two variables of 0.84. The statistical significance of this coefficient was tested
using a Student’s t test, where the sample test statistic tsamp5r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN�22Þ=ð12r2Þ

p
is compared to tcrit, the 95%

bound of a Student’s t distribution with degrees of freedom N�22. Here N� is the effective sample size of the
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Figure 7. Potential temperature (h)-salinity (S)-depth diagram composed from Seaglider profiles during surveys at Ocean Station Papa. Dia-
gram is constructed by sorting all Seaglider samples into bins in h-S space, with bin size indicated by shaded square at upper right of dia-
gram. Color contours indicate the sum of the vertical extent of all samples within each bin, in logarithmic scale. This diagram is equivalent
to a h-S-volume diagram if it is assumed that each profile corresponds to an equal horizontal spatial area [Pelland et al., 2013]. Gray lines
indicate density contours; rh525:8 kg m23 (bold label) is the greatest density of the mixed layer observed during the time series. Green
lines indicate contours of constant spice [Flament, 2002].
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paired [O2] and h time series, taking
into account any autocorrelation [Breth-
erton et al., 1999]. The effective number
of independent samples on rh526:5
kg m23 was determined to be 14 using
methods described in Bretherton et al.
[1999, equation (30)]. Using this sample
size, the correlation coefficient between
[O2] and h on rh526:5 kg m23 is signifi-
cantly different from zero (tsamp55:45 >
tcrit52:18), confirming the elevated [O2]
values within the warm mode on this iso-
pycnal. Correlations between [O2] and h
were not significantly different from zero
on either rh526 kg m23 (r520:67; N�5
6; tsamp51:82 < tcrit52:78; Figure 9a) or
rh526:2 kg m23 (r 5 0.06, N�512; tsamp

50:77 < tcrit52:23; Figure 9b).

3.3. Estimated Horizontal Gradients
The horizontal h gradient vector at
OSP rh is shown at selected depths in
each month in Figure 10. Each horizon-
tal gradient vector is drawn as in Fig-
ures 3c, 4d, and 4e—such that a vector
pointing straight upward indicates
increasing temperature to the north—
and with its origin at the center of the
depth bin and time interval to which
the estimate corresponds. Gradients
whose uncertainty ellipse (section 2.2.1)
does not include zero are shown in
black, while all others are shown in
gray. Root-mean-square (RMS) values
of the uncertainty in each of the four
layers defined previously are drawn at
right. Uncertainty on individual vectors
is shown separately in the SI (Figure S5).

The results indicate that rh was stron-
gest in the seasonal thermocline and
halocline during the first half of the
Seaglider time series (Figure 10). Its
magnitude jrhj reached 0.25–0.58C
per 50 km (navigation pattern width).
Magnitude was sometimes stronger

than this in the upper seasonal thermocline. In the ML, rh was to the south and east in late 2008, and to
the south and west in 2009 (Figure 10), though many estimates were not significantly different from zero in
the latter time period. Within the halocline, jrhj weakened considerably after April 2009, and was strongest
in the upper seasonal thermocline following this month. Horizontal potential temperature gradient
observed in the seasonal thermocline and halocline until late 2009 was considerably stronger than the cli-
matological southeastward rh estimated at OSP in the WOA 2013 decadal 1/48 2005–2012 climatology,
and was oriented predominantly eastward. The characteristic uncertainty ellipses indicate that horizontal
gradients of h are well resolved in the halocline and lower pycnocline. Examination of individual uncertainty
ellipses indicates that the largest uncertainties are within the upper seasonal thermocline (SI).

Figure 8. Histrogram of potential temperature h along the rh526.5 kg m23 iso-
pycnal, which lies within the halocline layer at OSP. (a) Histogram constructed
from all Seaglider profiles during the array time series; (b) histograms constructed
in seasonal intervals. The first and last intervals in Figure 8b are extended to
include observations made in June 2008 and January 2010, respectively.
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Like rh, the horizontal salinity gradient rS was of
greatest magnitude in the halocline (Figure 11). In con-
trast to rh; rS uncertainties were largest in this layer
rather than in the ML and seasonal thermocline (uncer-
tainty on individual vectors shown in Figure S6). Lower
pycnocline rS is well resolved, similar to rh. In early
2008, rS was nearly opposite in direction to rh in the
seasonal thermocline and deeper, suggestive of down-
ward vertical displacement of these layers in waters to
the east. After this period, there is not a clear corre-
spondence between the two gradients. Furthermore,
jrSj did not weaken in the halocline after April 2009 to
the same extent as jrhj (Figure 11). Also unlike jrhj;
jrSj was much weaker in the ML and upper seasonal
thermocline relative to its strength in the halocline.
The horizontal gradient of salinity at OSP in the WOA
2013 climatology has a maximum strength of 0.0142
per 50 km at 130 m depth, increasing along 2878T
(Figure 11). Monthly rS estimated during the Seaglider
surveys was an order of magnitude larger in strength
(RMS magnitude of 0.1375 per 50 km at 130 m depth)
than the climatological gradients and was oriented in
the opposite direction for extended periods in the halo-
cline (January–March 2009 in Figure 11).

3.4. Geostrophic Circulation
Estimated geostrophic velocities from Seaglider sur-
veys (black vectors in Figure 12) were roughly unidirec-
tional in the top 1000 m and weakly vertically sheared;
the strongest currents were 5–10 cm s21 in the top
200 m and <5 cm s21 at greater depths. Flow was
moderate and predominantly northward during 2008
and early 2009, before rotating counterclockwise to
westward and weakening from March to May 2009,
coinciding with the transition between strong, east-
ward rh and relatively weak gradients thereafter.
Depth-average signals were near zero from November
2009 onward. The monthly profiles of geostrophic flow
estimated from glider estimates of rq and DAC are in
good qualitative agreement with monthly averages
from the depth-mounted ADCP instruments (Figure
12). The ADCP also observed rotation of flow in
March–May 2009 and weakening near the end of
2009, along with the presence of the strongest flow in
the top 200 m. The glider-derived near-surface veloci-
ties agree with the monthly average surface geo-
strophic velocity time series calculated from AVISO
ADT (Figure 12).

Also shown in Figure 12 are square vector correlation
coefficients q2

v , defined as in Crosby et al. [1993],
between geostrophic velocity time series estimated by Seagliders and other platforms. These coefficients
are presented to quantify the degree of correlation between vector time series derived from different plat-
forms and to test whether these correlations are larger than that expected due to finite sampling of two
independent and uncorrelated vector time series. The variable q2

v has possible values between 0 (two time

Figure 9. Dissolved oxygen concentration [O2] versus poten-
tial temperature h on three isopycnals within the halocline at
during Seaglider surveys at Ocean Station Papa: (a) rh526 kg
m23, (b) rh526:2 kg m23, and (c) rh526:5 kg m23. In each
plot, the red dashed curve is a linear trend line fit to [O2] ver-
sus h (r2 value listed in red text). The oxygen concentrations
are significantly positively correlated with h in Figure 9c.
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Figure 10. Vertical profiles of the horizontal gradient vector of potential temperature rh in monthly intervals estimated from Seaglider surveys at Ocean Station Papa (OSP). Gradient
vectors are plotted as in Figures 3 and 4, with their origin at the depth level and center of the monthly interval in which they are estimated. For clarity, vectors are plotted every 10 m in
the upper 200 m and every 20 m from 200 to 1000 m depth. North and east scale vectors are shown at top—a vector pointing straight upward indicates increasing temperature to the
north. Ellipses at right indicate root-mean-square (RMS) 95% uncertainty bounds on horizontal gradients in four vertical layers as defined in Figures 5 and 6: surface mixed layer (ML), sea-
sonal thermocline (ST), halocline (HALO), and lower pycnocline (LOWER). Uncertainty bounds described in section 2.2.1; black vectors indicate those whose uncertainty ellipse does not
include zero. Profile of red vectors at far right indicates the rh estimated at OSP from the World Ocean Atlas 2013 (WOA13) 1/48 optimal interpolation decadal climatology for the period
2005–2012.

Figure 11. Vertical profiles of the horizontal gradient of salinity rS in monthly intervals estimated from Seaglider surveys at Ocean Station Papa, plotted as for h in Figure 10.
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Figure 12. Horizontal circulation and vorticity during the Seaglider time series, estimated monthly. Top plot shows 0–1000 m Seaglider
depth-averaged current (red), second plot from top shows estimated vertical vorticity of depth-averaged currents (fDAC, black curve), and
of surface currents from AVISO Absolute Dynamic Topography (ADT) all-satellite gridded product (fADT, blue curve). Third plot shows ADT
surface velocity (blue arrows). The remaining plots show monthly mean Seaglider-derived (SG) absolute geostrophic velocity at four
depths (50, 120, 300, and 760 m, black arrows) and monthly average ADCP velocity in the closest depth bin (green arrows). These depths
were chosen to provide an accurate representation of the typical geostrophic velocity profile and to ensure that at least one depth was
chosen within the upper and lower range of each of the two ADCP instruments. Text indicates the square vector correlation coefficient q2

v

[Crosby et al., 1993] between glider and ADCP/ADT velocities at each depth; each q2
v value is the observed correlation between the two

vector time series shown immediately above and below that value.
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series are independent) and 2 (perfectly correlated), where perfectly correlated vector time series are
defined as those that are linearly dependent on one another—that is, one time series could be converted
to the other by applying a uniform scaling factor and/or rotation angle. In this way, the q2

v variable quanti-
fies whether two vector time series exhibit similar month-to-month changes in magnitude and direction,
independent of the absolute amplitude of each time series. For a sample size of 20, q2

v > 0:458 indicates a
square correlation coefficient significantly different than zero (details provided in the SI). The q2

v value
between Seaglider geostrophic velocity and ADCP monthly average velocity at each depth level, and
between 50 m Seaglider and ADT-derived surface velocity, everywhere exceeds this critical value (Figure
12). The results are similar between ADT-derived surface velocity and 10 m Seaglider geostrophic velocity
(not shown; q2

v51:47).

These correlations are likely influenced by the low-frequency changes in circulation from modestly north-
ward to weakly westward captured by both time series, which reduces the effective sample size. Hence,
anomalies from this background circulation were estimated by subtracting a low-pass filtered vector time
series obtained using a triangular-weight filter with 3 month half-window width. Although vector correla-
tions between the anomalies (denoted by qvðHPÞ2) were lower, all were still significant at 95% confidence
(Figure 12).

Absolute geostrophic velocities estimated from the Seaglider surveys are dependent on both estimates of
horizontal gradients and the monthly average DAC (section 2.2.2). Figure 13 shows the vertical geostrophic
current difference estimated from the Seaglider surveys, which depends only on the gradient of density,
over 250–800 m depth compared to the vertical current difference measured by the ADCP over the same
interval. Vertical current difference is estimated here by a linear least squares fit to the monthly vertical pro-
file. Both instruments showed the strongest current difference oriented poleward during the first three
months of the Seaglider time series and in February 2009. The current difference backed and weakened in
March–May 2009, as its orientation was aligned with the depth-averaged flow throughout the Seaglider sur-
veys (Figure 12). The square vector correlation between the two platforms was q2

v 51:54 for the monthly
average current difference values and qvðHPÞ251:20 for the high-passed filtered values. Both of these are
significant at 95% confidence (Figure 13).

The observed circulation gives a Rossby number (Ro � U=fL) [McWilliams, 2006] of 0.01, indicating highly lin-
ear flow that is approximated well by the geostrophic balance. Here U 5 0.05 m s21 and L 5 50 km are,
respectively, velocity and spatial scales corresponding to the phenomena observed during Seaglider sur-
veys. As will be shown in section 4.4, mesoscale circulation patterns were of comparable scale to the survey
pattern. An alternate definition of the Rossby number is formed using the ratio of the vertical vorticity of
the flow f5 @v

@x 2 @u
@y to f, Rof � jfj=f [e.g., Holton, 1992, section 4.4.3]. The depth-average current vorticity

Figure 13. Comparison of vertical shear vectors in monthly intervals estimated from Seaglider sampling (black) and moored ADCP (red).
Shear is computed over the depth range 250–800 m, which corresponds to the majority of the depth range of the lower instrument in the
depth-mounted ADCP mooring, and is a depth range where the flow is expected to be geostrophic. Scale shown at upper right. The
strength and direction of the vertical shear is similar to the depth-average current (DAC) signals of Figure 12. The square vector correlation
coefficient for unfiltered (q2

v ) and high-pass filtered (qvðHPÞ2) shear vectors between the two time series is also shown.
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fDAC was estimated in each monthly interval using least squares fits to each component of DAC as a func-
tion of x and y. The estimated fDAC was predominantly anticyclonic and varied in strength over the range 0–
1.5% of f, also giving Rof 	 0:01 (Figure 12). The time record of surface vertical vorticity estimated from the
AVISO ADT product in monthly intervals was similar to that of fDAC, consistent with the weakly vertically
sheared flow (Figure 12).

3.5. Vertical Fine Structure
In addition to gradients in water mass properties across the survey track, selected profiles contained evi-
dence of density-compensating variations in h and S in the halocline and lower pycnocline, suggestive
of horizontal interleaving observed at thermohaline fronts. At such fronts, where two water masses with
similar density profiles, but different h-S characteristics meet horizontally, thin horizontal intrusions of
one water mass into the other may form due to mesoscale stirring or double-diffusive instability [Ruddick
and Richards, 2003]. When such lateral intrusions occur, the h-S curves of profiles collected vertically
through an intrusion exhibit abrupt jumps in slope (vertical fine structure) near the density surfaces that
form the upper and lower boundaries of the intrusion, as the profile moves vertically through layers that
have different h-S relationships. Temperature-salinity characteristics of two example profiles, one of
which displays evidence of such fine structure while the other does not, are shown in Figure 14. These
profiles were collected in July 2008 and are representative of the range of fine structure features
observed across a single survey. Within the halocline and lower pycnocline, the warmer of the two pro-
files appears smooth in h-S, while the other exhibits small variations in temperature along isopycnals
deeper than rh526:4 kg m23.

The net incidence of fine structure was quantified in each Seaglider profile, for the purposes of investigating
its relative prevalence through time during the period spanned by Seaglider surveys. This was done using a
method developed by Shcherbina et al. [2009], who quantified the presence of thermohaline intrusions at
the North Pacific Subtropical frontal zone using ‘‘spice’’ p, a variable that identifies thermohaline anomalies
along isopycnals. For two water parcels with the same potential density, but differing combinations of tem-
perature and salinity, the warmer parcel is said to have higher spice. We adopt the widely used definition of
Flament [2002], specifying curves of constant spice that have equal-magnitude slope and opposite sense to
isopycnals in the h-S plane (green contours in Figure 14). Spice defined in this way has been used previously
in investigations of fine structure at frontal regions [e.g., Shcherbina et al., 2009; Pelland et al., 2013].

Figure 14. Two example profiles from Seaglider (SG) 144’s June–August 2008 deployment, one of which (green profile) shows evidence of density-compensating h variations characteris-
tic of horizontal interleaving. (a) The potential temperature h-salinity S characteristics of the two profiles. Black contours indicate potential density rh surfaces and dark green contours
indicate spice surfaces as defined by Flament [2002]. (b) The curvature of spice p with respect to rh within the range 26 
 rh 
 27 kg m23 for the two profiles; this density range is also
highlighted by gray shading in Figure 14a. (c) The quantity Iðr0hÞ as described in the text; i.e., the integral with respect to density of the square of spice curvature, taken from rh526 kg
m23 to a density r

0

h .
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Specifically, the net incidence of fine structure in a profile was quantified using the curvature of p with
respect to potential density rh; @

2p=@r2
h . The spice defined by Flament [2002] has the same units as density,

therefore its derivative with respect to density is unitless, and its curvature has units of specific volume (m3

kg21). The quantity @2p=@r2
h is a useful indicator of intrusion-like fine structure, because the abrupt jumps

in p versus rh at the upper and lower interfaces of intrusion features result in large magnitudes of the sec-
ond derivative there. Profiles of spice curvature were computed here by linearly interpolating p to isopyc-
nals, estimating the curvature with respect to density using a second-order accurate finite-difference
approximation, and then filtering the results with a triangular-weight filter with half-width of 0.05 kg m23

to remove noise with diapycnal scales smaller than that of the observed features. It is assumed in this proce-
dure that any fine structure is of sufficiently low vertical:horizontal aspect ratio that its observed structure is
unaffected by slantwise Seaglider profiling. Figure 14b shows spice curvature for the two example profiles.
The cooler profile in Figure 14 (green curves) has more numerous and stronger-magnitude @2p=@r2

h maxi-
ma and minima than the warmer profile (blue curves).

To quantify the net incidence within a profile, the square of the curvature is computed, and integrated
across the density range in which fine structure was typically observed. Figure 14c shows the quantity

Iðr0hÞ5
ðr0h
26

@2p
@r2

h

� �2

drh; r
0

h > 26; (4)

which is zero for a profile that has constant p within the bounds of integration, is otherwise positive, and
increases for profiles with either large-magnitude or numerous incidences of thermohaline fine structure.
Note that this quantity is also functionally equivalent to the RMS spice curvature within profiles used by
Shcherbina et al. [2009] to assess the relative prevalence of fine structure across a frontal survey. Here the
integral is taken from the upper boundary of the halocline at rh526 kg m23 to rh527 kg m23 [I(27)]; these
density surfaces were determined to be the isopycnal surfaces between which most observed fine structure
was confined. The quantity I(27) is nearly 4 times larger for the cool example profile than the warm one in
Figure 14c.

Figure 15 shows h-S detail near the base of the halocline for a series of profiles collected 12–24 July 2008,
including the two example profiles shown in Figure 14. Here the profiles are colored by the logarithm of

Figure 15. Detail of potential temperature h-salinity S structure in profiles collected during Seaglider (SG) 144 cycles 130–170, 12 July to
24 July 2008. Plot is centered on the lower portion of the halocline. Profiles are plotted with color corresponding to the logarithm of their
integrated square spice curvature [I(27)], with color scale at upper right. Example profiles from Figure 14 are plotted as solid black lines.
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their I(27) score. In general, less sinuous profiles with fewer incidences of fine structure have lower I(27)
scores. Profiles with the largest I(27) were consistently closer to the cool h-S mode for this time period. The
two example profiles shown in Figure 14, indicated by black lines, bound the upper and lower range of h
observed along isopycnals during this period.

The time series of fine structure incidence as quantified by I(27) is consistent with the evolution of water
mass properties within the halocline. Peak h-S fine structure was observed during October 2008 to March
2009 (Figure 16). These are months in which temperature along rh526:5 kg m23 showed the greatest vari-
ability (Figure 8), consistent with water mass contrasts across the navigational track pattern. This is also in
agreement with estimates of rh along rh526:5 kg m23, which were computed using the same multivari-
able linear regression methods as described in section 2.2.1 (Figure 16). Fine structure decreased after
March 2009, coincident with backing and weakening of the geostrophic circulation, and a reduction in
strength of the isopycnal temperature gradient in the halocline. The weakest I(27) was observed in Novem-
ber 2009 to January 2010, during a period when warm mode temperatures were consistently observed
along rh526:5 kg m23 (Figure 8) and horizontal gradients of temperature along this isopycnal were weak
(Figure 16).

Fine structure increased again during SG144’s transit inshore along Line P, and levels similar to those in win-
ter 2008–2009 at OSP were observed in February and late March 2010. This occurred as the vehicle encoun-
tered a series of thermohaline fronts (not shown) associated with the transition between cool, fresh
offshore subarctic water and warm, saline inshore equatorial-influenced water along Line P [Klymak et al.,

Figure 16. (top) Time series of integrated square spice curvature I(27), indicative of the presence of vertical h-S fine structure within individual Seaglider profiles. Green and blue dots in
the top plot correspond to the two example profiles shown in Figure 14. The time period shown corresponds to the full extent of Seaglider surveys at Ocean Station Papa (OSP) in addi-
tion to Seaglider 144’s transit inshore along Line P (Figure 1). (bottom) The time series of the horizontal gradient of potential temperature on rh526:5 kg m23 (scale at left; vector point-
ing straight up indicates increasing temperature to the north).
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2015]. Horizontal variations of I(27) at OSP were examined within each month; fine structure appeared spa-
tially patchy with no clear horizontal dependence in most months, with the exception of January 2010
when weak fine structure was clearly localized in the SW corner of the navigational pattern (not shown).

4. Discussion

4.1. Survey Performance
The utility of Seaglider surveys for sampling mesoscale spatial gradients in the bowtie pattern fundamental-
ly depends on whether the mesoscale field evolves sufficiently slowly at OSP that it can be captured by sur-
veys that repeat every 14.5 days. The consistency of geostrophic velocity signals obtained independently
between the ADCP, AVISO surface dynamic topography, and Seaglider-surface mooring array confirms that
this is the case, with sufficiently low error such that a qualitatively accurate profile of geostrophic velocity
can be constructed at monthly intervals. The significant correlation between monthly average Seaglider
and ADCP vertical shear in the lower ADCP instrument zone (250–800 m depth), where the flow is assumed
to be entirely geostrophic, indicates that Seagliders can adequately resolve horizontal spatial gradients in
density in this depth range. This is also consistent with the small confidence bounds relative to the size of
the estimated gradients of h and S there.

Correlation in absolute velocities, even after high-pass filtering to remove the seasonal-scale flow, indicates
that monthly mean DAC signals from Seagliders are also capturing monthly anomalies in geostrophic circu-
lation. The negative relative vorticity estimated from DAC is also consistent with the surface vorticity esti-
mated from AVISO, and with the observed properties of near-inertial internal waves from the ADCP time
series by Alford et al. [2012]. These authors noted observations of greater-than-expected energy in internal
wave motions at frequencies below f. In an ocean with a resting background state, the inertial frequency f
forms the lower frequency bound for propagating internal waves. A background flow with anticyclonic vor-
ticity (f < 0), as was the case for much of the Seaglider survey period, effectively lowers this bound and
allows waves at frequencies below f [Kunze, 1985; Alford et al., 2016].

As noted in section 2.2.1, estimation of horizontal gradients is made more difficult by rapid time variability
within the ML and the thermally stratified layer beneath it, which together compose the oceanic boundary
layer that is directly influenced by atmospheric forcing. Previous studies near OSP found significant varia-
tion of near-surface horizontal gradients at the 1–2 day time scale of passing storms [Large et al., 1986; Tor-
ruella, 1995]. Even in the case that horizontal gradients are left unchanged by a passing storm, the smearing
of events like these onto fortnightly surveys can result in ambiguity over whether observed changes are
due to spatial or temporal variability [Rudnick and Cole, 2011]. Correspondingly, despite using the moored
time series to attempt to isolate spatial structure sampled by Seagliders after June 2009, resolution of hori-
zontal gradients in Seaglider surveys at OSP was poorest in the ML and upper seasonal thermocline for rh.
For rS, uncertainties were largest in the halocline, likely due to small-scale horizontal structure and internal
wave noise, though gradients were still robustly resolved there in many months.

Rapid time variability in the upper-ocean boundary layer likely presents the greatest challenge to estimation
of horizontal gradients in future deployments. Though quantitative analysis of the optimum configuration
of gliders and moorings at this and other time series sites is beyond the scope of the present study, multiple
autonomous vehicles in combination with a surface mooring is likely a more tractable approach for in situ
estimation of gradients in the surface boundary layer. Glider sampling could also be altered to increase
vehicle buoyancy thrust and profiling speed, and/or decrease the maximum depth to which gliders profile,
at the cost of decreased vehicle endurance. Seaglider surveys intended to resolve submesoscale upper-
ocean horizontal gradients at a similar time series site in the North Atlantic Ocean have used multiple
vehicles, more rapid profiling, and a smaller survey pattern than described here [Damerell et al., 2016;
Thompson et al., 2016].

4.2. Conditions at OSP
Seaglider surveys at OSP observed weak and highly linear geostrophic circulation, which is consistent with
the characterization of the southern GOA as a low-kinetic energy region. The pattern of currents observed
during the Seaglider surveys is contrary to the expectation of moderate northeastward climatological flow
at OSP. This was consistent with horizontal water mass gradients, density gradients, and suggestions of
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thermohaline frontal structure within the halocline and lower pycnocline that are not usually described
there, although they are common in the subarctic-subtropical transitional domain to the south [Roden,
1977a; Lynn, 1986; Roden, 1991]. Examination of the moored record and AVISO surface circulation from the
time of OCS mooring deployment from 2007 onward indicates that downward displacement of isopycnals
and weakened geostrophic velocity was anomalous in comparison to the remainder of the 2007–2014 peri-
od covered by the mooring time series (Figures 17a and 17c). Weak southward circulation was also
observed at the start of the mooring time series in 2007 (Figure 17a).

The downward vertical displacement of isopycnals in the halocline and lower pycnocline observed during
Seaglider surveys also appears unusual in comparison to the longer OSP observational record. Potential
density at 200 m reached a minimum value near 26.7, suggestive of large downward displacement, during
the latter half of the Seaglider time series (Figure 17c). A second prolonged period of similar character was
evident in early 2014, while two smaller-magnitude downward displacement events were observed in

Figure 17. Records of (a) surface circulation, (b) potential temperature h at 150 m, (c) potential density rh at 200 m, and (d) vertical displacement at 200 m during the Ocean Station
Papa (OSP) mooring time series. Vertical dashed lines in Figures 17b and 17c indicate the time bounds of the Seaglider surveys at OSP. In (b) and (c), black curves indicate the mooring
record, while gray curves indicate Seaglider samples. Red curves indicate monthly estimates of h or rh at the mooring location during mooring absence. In Figure 17d, black dashed curve
indicates vertical displacement g implied by Figure 17c as defined in section 4.4, blue curve indicates wind stress curl-forced displacement predicted by the model (5), denoted h

0

CL [Cummins
and Lagerloef, 2002], and blue dashed curve indicates h

0
CL scaled to provide best fit to g. Curves are offset such that the time-mean of each is zero during 8 June 2007 to 31 December 2014.
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winter 2011–2012 and in late 2012. From the record of density anomalies in the upper ocean over the
1956–2005 Weathership and IOS sampling period published by Whitney et al. [2007, Figure 2], it appears
there was only one other occasion where the 26.7 isopycnal—normally located at 150–175 m depth—
reached 200 m, during the passage of a coastally generated mesoscale anticyclonic eddy in 1974.

Previous studies have also quantified the vertical displacement of isopycnals in the halocline using an
objective measure of the core depth of stratification h, whose definition is based on winter vertical density
profiles [Freeland et al., 1997]. For comparison, this quantity was computed from daily-average Seaglider
observations of rh during January–April 2009 using the least squares method described in Freeland et al.
[1997]. The mean estimated h in this period was 134.5 m, among the deepest values observed at OSP and
approximately 20 m deeper than expected based on previous observations of this quantity and its long-
term trend as presented in Freeland and Cummins [2005, Figure 10].

4.3. Water Mass Origins
Changes in circulation and isopycnal displacement were also coincident with an abrupt transition in water
mass properties during Seaglider surveys. Aside from a brief peak observed in June 2007, h at 150 m
reached its maximum value over the moored time series during the latter portion of Seaglider surveys at
OSP (Figure 17b). The thermal stratification at 150 m is too weak for this maximum to be accounted for sole-
ly by vertical displacement of isopycnals, implying a change along isopycnals, as observed by Seagliders.
Although the warm mode h; S, and associated downward isopycnal displacement, is suggestive of North
American coastal water sometimes transported to OSP by anticyclonic eddies [Crawford et al., 2007; Whitney
et al., 2007; Lyman and Johnson, 2015], warm mode water also had elevated oxygen concentrations along
isopcynals in the lower halocline. This is evidence against the interpretation of the warm mode as coastal
water, since coastally generated anticyclones in the GOA contain oxygen-poor water sourced from the dilut-
ed signature of equatorial water found along the North American continental slope [Aydin et al., 1998; Cas-
tro et al., 2001; Crawford et al., 2007; Thomson and Krassovski, 2010]. Previously sampled coastally generated
eddies at or near OSP had temperatures �68C or greater and oxygen concentrations 150–175 lmol kg21 or
less on rh526:5 kg m23 [Crawford et al., 2007; Whitney et al., 2007].

The warm mode properties found at OSP are similar to what Aydin et al. [1998] term the Western Subpolar
Water (WSW), which lies on the northern edge of the subtropical-subarctic frontal zone, intermediate in tem-
perature, salinity, and oxygen characteristics between the two gyres [Aydin et al., 1998, 2004]. On rh526:5 kg
m23, WSW has [O2] �225 lmol kg21 and h of 4.5–5.58C, depending on the longitude and degree of mixing
between the WSW and surrounding subarctic water as it travels eastward along the NPC. Aydin et al. [2004]
attribute the increased [O2] in WSW relative to its surroundings to more recent ventilation and modification of
these waters in the Kuroshio-Oyashio confluence region. The oxygen concentrations and temperatures
observed in the cool mode at OSP appear intermediate between WSW and those of Alaska Gyre water [Aydin
et al., 2004], which has halocline temperatures near 48C and [O2] �175 lmol kg21 along rh526:5 kg m23.

Figure 18 shows spatial locations of Argo autonomous float profiles that sampled water in the NPC and
GOA with temperatures along rh526:5 kg m23 similar to the cool and warm modes at OSP for the period
2001–2015. In agreement with Aydin et al. [1998, 2004], profiles with warm mode temperatures to the west
of OSP were sampled along the northern margin of the NPC. Profiles with warm mode temperatures in the
northeastern and western GOA reflect the advection of WSW by the prevailing currents and the influence of
remnant equatorial water along the North American coast [Thomson and Krassovski, 2010]. By contrast, Argo
float profiles with cool mode temperature characteristics are generally found within the GOA gyre.

Observations of dissolved oxygen from the Argo array are not as widespread, preventing a similar analysis for
[O2]. However, areas with dissolved oxygen concentrations on rh526:5 kg m23 consistent with the warm and
cool modes in the WOA 2013 annual climatology are also shown by shaded contours in Figure 18. Areas with
climatological h and [O2] properties consistent with the cool (warm) mode can therefore be inferred by where
the blue (red) shaded area overlaps with blue dots (red triangles) in this figure. These results confirm that the
cool mode properties are typically found within the central GOA, either to the north or northwest of OSP, while
the warm mode properties are found from the southwest through southeast of OSP, within 1–28 latitude.

The Argo samples in Figure 18 show a region of spatial overlap in areas where warm mode and cool mode
temperatures were observed during 2001–2015; OSP lies within this region. Seaglider 144 also observed
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temperatures and oxygen concentrations consistent with the warm mode in three profiles between 1418W
and 1428W on its crossing of Line P (Figure 18). The spatial scatter of profiles in which properties similar to
either mode were observed is consistent with the description of the NPC as meandering and eddy rich,
resulting in stirring of these two water masses. The results of Whitney et al. [2007] suggest that the proper-
ties of either water mass mode are not particularly anomalous relative to the full range of conditions in the
OSP record (cf. their Figure 4).

4.4. Possible Explanations for Observed Phenomena
One notable feature of the phenomena observed during Seaglider surveys is the vertical displacement of
isopycnals within the halocline. Previous studies have found that vertical displacement in this layer, as quan-
tified by the variable h defined in section 4.2, exhibits interannual variability of 6�25 m and a shoaling
trend of 56 m per century [Freeland et al., 1997; Cummins and Lagerloef, 2002; Freeland and Cummins, 2005].
Cummins and Lagerloef [2002] found that the trend and much of the interannual variability in h were well
explained by a first-order Markov model forced by Ekman upwelling:

dh
0

dt
5we2kh

0
(5)

with k2151:5 year a damping time scale, we5 r3~sð Þðqf Þ21; ~s is the surface wind stress vector, and here h
0

is the vertical displacement anomaly (positive upward) rather than its absolute value. This model conceptu-
alizes low-frequency vertical displacement as a local response to wind forcing (omitting remote forcing due

Figure 18. Observations of water mass properties similar to warm and cool modes observed during Seaglider surveys at Ocean Station
Papa. Gray contours show bin-averaged values of h on rh526:5 kg m23 from the Argo array during 2001–2015 (n 5 30,837 total profiles)
with bin center spacing of 0.258 and 2�32� bin size. Red triangles (blue circles) show individual Argo profiles with h on this isopycnal simi-
lar to ‘‘warm’’ (‘‘cool’’) modes. Red squares indicate profiles with temperature and oxygen concentrations similar to the warm mode in Sea-
glider 144’s Line P crossing (cool mode properties were not observed there). Red (blue) shading corresponds to regions with oxygen
concentrations on this isopycnal similar to the warm (cool) mode in the World Ocean Atlas 2013 (WOA13) annual climatology. Green
cross-circle indicates the Ocean Station Papa site.
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to baroclinic Rossby waves) that is damped by small-scale local processes parameterized by the kh
0

term.
Figure 17d shows an estimate of wind-forced displacement predicted by the model (5), denoted h

0
CL, com-

puted using unfiltered R1 wind stress curl [Cummins and Lagerloef, 2002].

This displacement predicted by the above model is compared to an estimate of vertical displacement
implied by observed density changes at 200 m during the OCS mooring time series, denoted g (Figure 17d).
Since the observational definition of h is based strictly on winter vertical profiles of density (section 4.2), the
variable g was used instead to provide a continuous estimate of vertical displacement throughout the
moored time series. This variable was constructed under the reasoning that if the shape of the vertical den-
sity profile remains unchanged in the lower halocline, then density changes at 200 m imply vertical dis-
placements of this profile. The quantity g is defined as follows:

gðtÞ52 drhðtÞ2drh

� �
: (6)

For a given value of rhðtÞ observed at 200 m during the moored time series, drhðtÞ is the interpolated depth
of that value in the mean vertical profile of rh during Seaglider surveys, rhðzÞSG. The variable drh is the
mean value of drhðtÞ during the mooring time series. The estimate g is not sensitive to the choice of tempo-
ral interval over which rhðzÞSG is computed (results not shown).

The h
0
CL predicted from the model (5) correlates with the estimated g (r 5 0.67), but is of insufficient magni-

tude to explain the large downward displacement in 2009–2010. A least squares fit to g as a function of h
0
CL

yields an optimum gain in h
0
CL of 1.93. Even after application of this gain, the estimated magnitude of h

0
CL in

2009–2010 is only half that of g (Figure 17d). Although this exercise does not rule out wind stress curl as a
contributor to the observed displacement during the Seaglider surveys, it suggests that displacement was
dominated by a process other than local wind stress curl forcing.

Local wind stress curl-driven displacement cannot in any case directly explain changes in properties along
isopycnals. Previous investigators have found explanations for such variability at OSP in gyre-scale circula-
tion changes. In an analysis of hydrographic data in the GOA from 1955 to 1958, Tully et al. [1960] found
similar deep warm anomalies at OSP, and noted that these were coherent with increased temperatures on
isopycnals between OSP and Vancouver Island from January 1957 to August 1958. Tully et al. [1960] attribut-
ed this to an increase in the poleward component of advection in the NPC across the subarctic front, south
of which lies relatively warm and saline water along isopycnals [Yuan and Talley, 1996; Johnson et al., 2012;
Taguchi et al., 2015, Figure 18].

Figure 19b shows Line P h anomalies on rh526:5 kg m23, where the anomalies are computed relative to
the Line P monthly climatology 1956–1991. Contrary to the phenomenon observed by Tully et al. [1960],
warm mode waters at OSP during Seaglider surveys were not coherent with warm anomalies elsewhere
along Line P (Figure 19b)—i.e., during 2009, when warm mode waters were consistently observed at OSP,
predominantly negative or neutral temperature anomalies were observed inshore of station P23 during
three Line P occupations. Some warm anomalies were observed at P14 and P10 in summer 2009, though
these were not widespread. Interestingly, following the conclusion of Seaglider surveys, coherent warm
anomalies across much of Line P were observed in 2010–2011, coincident with increased poleward flow in
the NPC (Figures 19a and 19b) and consistent with the concept of advection of warm and saline water
across the subarctic front as posited by Tully et al. [1960]. Though further exploration of these anomalies is
beyond the scope of this study, large-scale changes in subsurface water mass structure in the GOA and
neighboring California Current System influence the pelagic ecosystem through alterations in nutrient avail-
ability and preferred habitat [Tully et al., 1960; Freeland et al., 2003; Sydeman et al., 2011], and their potential
generation due to shifts in NPC orientation warrants continued observation.

In light of the downward isopycnal displacement and negative relative vorticity, a plausible alternate expla-
nation for the phenomena observed during the Seaglider time series is the presence at OSP of an anticy-
clonic mesoscale eddy or meander that originated within the WSW region, possibly as a result of baroclinic
instability in the interior of the NPC [Gill, 1974; Robinson and McWilliams, 1974; Chelton et al., 2011]. Such a
possibility was suggested by Thomson et al. [1990] based on drifter observations of eddying flow in the inte-
rior GOA. Three month averages of AVISO ADT, along with observations from Argo, Seagliders, and the
CCGS Tully, provide several pieces of evidence that support this scenario (Figure 20). Observations of
increasingly warm and saline water in the halocline in the eastern portion of the Seaglider survey pattern
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were coincident with a weak sea surface height undulation in the NPC appearing near OSP during spring
(April–June) and summer (July–September) 2008 (Figures 20a and 20b). This feature grew in amplitude in
winter (January–March) through summer 2009, appearing at this time as an anticyclonic meander with its
crest to the northwest of OSP near 518N, 1478W (Figures 20d–20f). In autumn (October–December) 2009
through spring 2010, the feature wavelength shortened and by spring 2010 it was only weakly evident.

Overall, the timing of the meander growth from ADT is consistent with geostrophic circulation during the
Seaglider surveys and its transition from moderate northward flow to westward flow in spring 2009 as the
meander trough was incident on OSP (Figure 20), and near-neutral flow thereafter. Closed contours of a
local peak in ADT were centered on the Seaglider survey pattern in autumn 2009-winter 2010, consistent
with the reduced incidence of fine structure, weak isopycnal temperature gradients, anticyclonic depth-
average vorticity, and near-zero mean circulation observed by Seagliders during this time. Prior to this, one
Argo float made a single anticyclonic loop centered at 508350N, 1448480W during spring-summer 2009
before being advected to the northeast (Figures 20e and 20f, Float ID 4901073, labeled ‘‘A’’).

Observations of halocline temperature (h along rh526:5 kg m23) from the Argo array, the CCGS Tully along
Line P, and Seaglider surveys support the idea that the meander occurred along a water mass front separat-
ing cool, fresh Alaska Gyre water to the north and west of OSP from warm and saline waters of the
subarctic-subtropical transitional domain, including WSW, to the south and east (Figure 20). The axis of this
front appeared to directly overlie the survey pattern in winter 2009, coincident with the maximum strength
of eastward temperature gradients along rh526:5 kg m23 in Seaglider surveys (cf. Figure 16). Temperature
along this isopycnal decreased near OSP thereafter, as indicated by both Argo floats and Seaglider surveys,
suggestive of advection or lateral mixing and spreading within the meander.

The spatial patterns of Argo samples, and their frequent alignment with contours of sea surface dynamic
topography, indicate that many floats qualitatively tracked the surface circulation at their inter-profile park-
ing depth (typically 1000 dbar), consistent with the weakly vertically sheared flow observed during Sea-
glider surveys. Several floats traveled along the NPC meander (e.g., Figures 20c–20e), including one float

Figure 19. (a) Time series of zonal-mean surface poleward flow at 508N, 1408W–1458W, derived from AVISO ADT product. Dashed red line indicates time-mean, June 2007 onward. (b)
Line P (Figure 1) potential temperature h anomaly on rh526:5 kg m23. Anomalies are computed from monthly Line P climatologies constructed from data 1956–1991 at each station
(labels at bottom). For Seaglider 144’s transit along Line P (January–April 2010), mean h versus longitude determined from the Line P time series was linearly interpolated to each Sea-
glider observation.
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that traveled along the complete meander wavelength in autumn 2009-spring 2010 (Float ID 2900549,
labeled ‘‘B’’ in Figures 20g–20i). This float sampled halocline temperatures consistent with the warm mode
along the meander crest near 518N, 1488W throughout winter and spring 2010, near where cool mode tem-
peratures had been observed in spring 2008-winter 2009 (compare Figures 20h and 20i with Figures 20a
and 20b).

Based on the consistency between various platforms in their descriptions of mesoscale flow and water
mass properties, a reasonable conclusion is that a meander in a branch of NPC flow resulted in displace-
ment of its associated water mass front, allowing WSW on the southeast side of the front to reach OSP. The
specific dynamical mechanisms surrounding this meander are not explored here, though its growth and

Figure 20. North Pacific Current evolution near Ocean Station Papa, 2008–2010. Plots show Seaglider/Argo/Tully observations of potential temperature on rh526:5 kg m23 (colored
circles/triangles/squares, respectively, scale above Figure 20a, values outside range are saturated) in seasonal intervals, overlaid on seasonal averages of AVISO Absolute Dynamic Topog-
raphy (ADT) sea surface height (gray/black contours drawn at 1 cm/5 cm intervals, respectively). The spatial mean has been removed from each ADT image. Dashed black line highlights
the 0 cm contour. Labels ‘‘A/B’’ refer to Argo floats 4901073/2900549, respectively.

Journal of Geophysical Research: Oceans 10.1002/2016JC011920

PELLAND ET AL. SEAGLIDERS AT STATION PAPA 6843



corresponding water mass transport are suggestive of baroclinic instability. Similar wave-like perturbations
have been reported previously in the NPC; these were originally attributed to stable, long baroclinic Rossby
waves [Roden, 1977b; White, 1982]. Later studies indicated that the North Pacific Current has both stable
and unstable Rossby wave modes, with a decrease in stability if the mean flow has a meridional component,
as is the case here [Kang and Magaard, 1979; Kang et al., 1982; Lee and Niiler, 1987].

5. Conclusions

The consistency between circulation estimates made by Seagliders and two independent platforms—
moored ADCPs, and AVISO ADT products—confirms that fortnightly surveys adequately resolved monthly
scale mesoscale gradients and flow at OSP. Results here suggest that ongoing OOI mooring-glider time
series in this location should be able to resolve mesoscale variability comparably.

The repeat surveys revealed circulation departures over the 18 month observation period that locally over-
whelmed the climatological mean flow of the southeastern subpolar gyre. The flow anomalies were accom-
panied by a shift from relatively cool and fresh Alaska Gyre water to warm, saline, oxygen-rich WSW water
in the halocline, and appearance of thermohaline fine structure. These flow and property distortions were
due to an anticyclonic meander developing within northeastward NPC flow along a front separating Alaska
Gyre water from WSW water to the south and east. While the GOA is a low eddy energy region, eddy flows
are sufficient to locally alter circulation on time scales of order a year.

While large, energetic eddies generated along the North American coastal boundary have previously been
found to cause abrupt water mass changes at OSP, the repeat survey observations presented here demon-
strate an additional mechanism for such changes, due to meandering of the frontal boundary between the
subarctic and subtropical gyres. It is likely that future prolonged autonomous observations at OSP will
obtain additional realizations of both phenomena.
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